Abstract. In this study, we fabricated broadband anti-reflection coatings using a method based on layer-by-layer self assembly of positively charged layer double hydroxide (LDH) nanosheets and negatively charged silica nanoparticles via electrostatic interaction. Scanning electron microscopy and atomic force microscopy were used to observe the morphology, structure, and surface topography of LDH/SiO 2 multilayer coatings. The anti-reflection properties of the coatings were investigated by UV visible spectrophotometry. Glass substrates covered with the LDH/SiO 2 multilayer coatings exhibited broadband anti-reflection properties. 
in thin film form. One approach to lower the refractive index is to design a nanoporous structure of the AR coatings, since the introduction of nanopores can reduce the refractive index of the coatings and satisfy the AR requirement [7, 8] . Such nanoporous materials can possess a low effective refractive index due to the introduction of air, which has the lowest possible refractive index of 1.00 [4] .
The layer-by-layer (LbL) technique is an attractive method for preparation of antireflection materials because it can produce large-area, uniform, and defectfree nanoporous coatings on essentially any type of surface, with precise control over the thickness and optical properties [9] [10] [11] . For example, Zhang, et al. reported a method for the fabrication of mechanically stable antireflection and antifogging silica coatings by LbL deposition of poly dimethyl diallyl ammonium chloride (PDDA)/silicate complexes with polyacrylic acid (PAA) on quartz substrates followed by calcination [8] . Shimomura, et al. reported 4-stack high-performance broadband antireflection coatings with the materials of SiO 2 , ammonium perchlorate SiO 2 (APSiO 2 ), TiO 2 and phenyl vinyl group (PVS) by LbL technique [12] . Zhang, et al. developed a rapid and substrateindependent LbL assembly method for the fabrication of AR and antifoggingintegrated coatings by three deposition cycles of SiO 2 /PDDA coatings [13] . However, to our knowledge, few papers have reported on the fabrication of broadband AR multilayer films containing oppositely charged nanoparticles/ nanosheets by the LbL technique.
In this study, we fabricated anti-reflection coatings based on layer-by-layer selfassembly of positively charged LDH nanosheets and negatively charged silica nanoparticles via electrostatic attraction. The LDH/SiO 2 multilayer coatings showed high-performance broadband anti-reflection properties. Among the three systems, namely [LDH(0.4 g/L)/SiO 2 (25 nm)] n , [LDH(0.4 g/L)/ SiO 2 (50 nm)] n , [LDH(0.8 g/L)/SiO 2 (25 nm)] n (n = 2, 4, 6, 8, and 10), the maximum transmittance of 98% was achieved at a wavelength of 700 nm in the [LDH(0.8 g/L)/SiO 2 (25 nm)] 6 system. In addition, transmission levels of 97% were achieved in the three systems, whereas the transmission level of the uncoated slide glass was only around 92% in the spectral range of 300 nm to 800 nm. Zhang [8] achieved a maximum transmittance of 99.86% in the visible spectral range for calcined PAA/PDDA-silicate films deposited on quartz substrates. Moreover, Zhang [13] achieved a maximum transmittance of 99.9% in the visible spectral range for (MSiO 2 /PDDA)*3 coatings deposited on quartz substrates. The different materials added into the coatings maybe responsible for the lower transmittances. No polyelectrolytes were used in our coatings. LDHs are easier to prepare and cheaper than polyelectrolytes. We fabricated broadband anti-reflection coatings consisting of oppositely charged nanosheets/nanoparticles without using polyelectrolytes. The effect of the morphology and structure of the coatings and the surface topography on the optical properties are discussed in detail below.
2
Materials and Experiments 
Materials

Preparation of the LDH nanosheets
We combined the methods Hibino, et al. [14] , Liu, et al. [15] , and Iyi, et al. [16] have used before and set up the steps as follows:
( (2) Decarbonation and anion exchange of Mg-Al LDH. 1 g CO 3 ·Mg-Al LDH was dispersed into 1 L acid-salt mixed solution (3.3 mMHCl and 1 M NaCl). After purging with nitrogen gas, the mixture was stirred at room temperature for 24 h, the resultant product was filtered and washed with deionized water and then dried in a vacuum to obtain Cl·Mg-Al LDH. 0.2 g as-prepared Cl·Mg-Al LDH was added to 100 ml of water solution containing 2.5 M CH 3 COONa, the mixture was stirred vigorously at 35 °C for 24 h after purging with nitrogen gas and ultrasonification. The resulting suspension was filtered through a membrane filter with a pore size of 0.2 μm and thoroughly washed with degassed deionized water under nitrogen atmosphere. The remaining precipitates were collected on a filter and immediately dried in a vacuum to yield AcO·Mg-Al LDH.
(3) Exfoliation of Mg-Al LDH. 0.25 g AcO·Mg-Al LDH was dispersed in 625 mL decarbonated water; the concentration of the suspension was about 0.4 g/L. Then, the mixture was successively sonicated in an ultrasonic water bath periodically for 30 min each time, until the turbidity of the dispersion remained constant. Water was the only solvent used throughout the procedure.
Preparation of the Silica Nanoparticles
Silica nanoparticles with diameters of approximately 25 and 50 nm were synthesized by Stöber method. Typically, NH 3 ·H 2 O and EtOH were added into a 250-mL three-neck flask and stirred for 10 min. Then, TEOS was added into the mixture and stirred at 50 °C for 12 h. The final molar ratio of TEOS:H 2 O:EtOH:NH 3 was 1:(3.25 -6.31):37.6:(0.17 -0.34). Figure 1 shows the image of prepared silica sol. The silica nanoparticles were then dispersed in EtOH to reach a concentration of 0.5 wt%. 
AR Coatings LbL Assembly
Microscope glass slides were cleaned by treatment in a bath of methanol/HCl (1:1 by volume) and then concentrated H 2 SO 4 for 30 min each. The cleaned substrates were dipped into the LDH nanosheet suspension (0.4 or 0.8 g/L) for 15 min, followed by one 2-min and two 1-min rinsing steps by using deionized water. Then, the substrates were dipped into the aggregated nanoparticle solution for another 15 min, and rinsed in the same manner. The LbL procedure is shown in Figure 2 . The alternating deposition procedures were performed for a proper number of cycles to obtain (LDH/SiO 2 ) n (n = 2, 4, 6, 8, and 10) coatings. 
Characterization
For the part of LDH materials characterization, X-ray diffraction (XRD) data were recorded with a Rigaku Rint-2000 diffractometer. The morphology of the exfoliated Mg-Al LDH nanosheets was examined with a Hitachi H-600 transmission electron microscope (TEM). For the AR coatings characterization, tapping mode atomic force microscopic (AFM) images were acquired under ambient conditions using an Agilent 5500 AFM/SPM system to demonstrate the surface topography. The surface and cross-sectional morphologies of the AR coatings were recorded using a Philips XL30 electron microscope (SEM) with an accelerating voltage of 20 kV.
Result and Discussion
Broadband anti-reflection coatings were successfully fabricated via layer-bylayer assembly of positively charged LDH nanosheets and negatively charged silica nanoparticles on glass substrates, thus yielding LDH/SiO 2 multilayer films. The self-assembly process is driven by electrostatic interaction between the oppositely charged nanomaterials.
The XRD pattern of the starting LDH material CO 3 ·Mg-Al LDH exhibited the characteristic basal reflections of LDH materials with sharp peaks of (003) and (006) at low 2θ angle, as well as weaker and less defined peaks at higher angular values [ Figure 3 (a)]. All diffraction peaks could be indexed as a rhombohedral structure (LDH) [15] . As shown in Figure 4 (a), a transparent colloidal suspension was obtained after treating the as-prepared AcO·MgAl LDH with water, suggesting the occurrence of delamination. Clear Tyndall light scattering was observed for the suspension by a side-incident light beam, indicating the presence of exfoliated Mg-Al LDH nanosheet dispersed in water. The exfoliated MgAl LDH nanosheets suspension was well-dispersed and stable without any precipitation when stored in an N 2 atmosphere for a few weeks. By centrifugation at 12,000 rpm for 30 min, white glue-like aggregates were recovered from the suspension. The XRD pattern of the wet aggregates is shown in Figure 3(b) . The sharp basal reflections of LDH materials disappeared in this pattern, suggesting that the layer structure was collapsed. The appearance of amorphous-like halos at low 2θ angle can be attributed to the randomly aggregated nanosheets and the scattering of the glass substrate [17, 18] . From a typical TEM image (Figure 4(b) ), we observed that the thin sheet-like objects (tens of nanometers in lateral sizes) were morphologically irregular and dimensionally diminished, showing faint but homogeneous contrast, which indicated the breakage or fracture of sheets during the delimination process and reflected their ultrathin nature and uniform thickness [19] . coatings deposited on glass substrates. Top layers of coatings containing irregularly shaped aggregated silica nanoparticles with loose stacking pattern were observed. Different sizes of silica nanoparticles could clearly be distinguished. Nanopores were formed by the random packing of aggregated nanoparticles.
Moreover, the porous structure is beneficial to the anti-reflection property. From the cross-sectional SEM images in Figure 6 , we can see the lack of uniform and linear surface boundaries on top of the coatings, which resulted from the hill-tovalley surfaces of the coatings created by the aggregated nanoparticles. Hence, the thickness of the coatings is difficult to measure accurately.
However, we clearly observed that the thickness of the coatings increased with the increasing number of LDH/SiO2 deposition cycles, indicating the success of layer-by-layer fabrication. The interface boundaries of the oppositely charged LDH nanosheets and silica nanoparticles were not obvious. In general, for MgAl LDH nanosheets exfoliated in water, large sheets show an average thickness of about 2.5 nm, whereas small sheets show thicknesses ranging between 0.55 nm to 0.95 nm, as has been noted by Hibino, et al. in [15] .
The LDH nanosheet layers were extremely thin within the coatings, such that they were difficult to find easily in the cross-sectional SEM images. The small thickness dimension and sheet-like shape led us to reasonably suppose that LDH nanosheets can generate a dense packing pattern in the coatings during the LbL process. The loose stacking of silica nanoparticles and dense packing of LDH nanosheets are considered to result in different volume fractions in alternating layers, which causes discontinuous refraction index changes between the layers and creates a refractive index profile. The coatings fabricated by the abovementioned packing arrangement effectively suppresses reflection and reduces wavelength dependence in the UV-vis spectral range [20] [21] [22] . nanoparticles with a diameter of 25 nm, the rms data were 25, 50, and 60, which correspond to the bilayers number of 6, 8, and 10, respectively. So the function may be r = -1.875n 2 + 38.75n -140. For SiO 2 nanoparticles with a diameter of 50 nm, the rms data were 30, 50, and 60, which correspond to the bilayers number of 6, 8, and 10, respectively. So the function may be r = -1.25n 2 + 27.5n -90. The function is an estimate due to the small data sample.
However, it can be seen in general that the surface roughness of the coatings increased in range with the increasing number of deposition cycles. The larger span ranges led to a more textured surface, which indicates that the surface roughness of the coatings increased with the increasing number of deposition cycles. Bravo, et al. pointed out that the level of transmittance tended to decrease as a result of the increasing roughness of the coatings and the increasing propensity to scatter light when more bi-layers were added to the multilayer that possesses the optimal anti-reflection property [23] . All of these findings mean that a moderately textured surface is needed to achieve the best antireflection property by controlling the proper number of deposition cycles. The anti-reflection properties of the LDH/SiO2 multilayer coatings were investigated using UV-vis transmission spectra. Figure 9(a) shows the UV-vis transmission spectra of glass substrates that were exclusively deposited with SiO2 nanoparticles. Figures 9(b) , 9(c), and 9(d) shows the UV-vis transmission spectra of the glass substrates deposited with LDH/SiO2 multilayer coatings that differed in the number of dipping cycles n (n = 2, 4, 6, 8, and 10), LDH content, and the diameters of silica nanoparticles. For comparison, the transmission spectrum of bare glass substrate is also depicted.
As can be seen from Figure 9 , the bare glass substrate showed a transmittance of approximately 92% in the spectral range between 300 and 800 nm. Evidently, the coated slide glasses exhibited significantly enhanced transmittances in comparison with the bare glass substrate. As can be seen from Figure 9 (a), transmission levels of 94% to 96% were achieved in the spectral range of 450 nm to 800 nm in the glass substrates deposited with single SiO 2 nanoparticles. As can be seen from Figure 9 In this 8-bilayer system, transmission levels of 96% to 98% and 98% to 96% were achieved in the spectral range of 420 to 550 and 550 nm to 800 nm, respectively. Typically, a maximum transmittance of 98% was achieved at a wavelength of 550 nm, indicating that reflective loss was as low as about 2%. As can also be seen from Figures 9(b) and 9(c) , the 10-bilayer coatings exhibited the best broadband anti-reflection properties among [LDH(0.4 g/L)/SiO2(50 nm)] n (n = 2, 4, 6, 8, and 10) and the 6-bilayer coatings exhibited the best broadband anti-reflection properties among [LDH(0.8 g/L)/SiO2(25 nm)]n (n = 2, 4, 6, 8, to 10). Typically, maximum transmittances of 97% and 98% were achieved at a wavelength of 625 and 700 nm, respectively. As discussed in the SEM and AFM analysis, the different packing patterns of the two oppositely charged nanomaterials and the moderately textured surface both determined the bilayer systems to be optimal, with high-performance broadband anti-reflection property. The maximum transmittance of the AR coatings is shown in Table 1 .
The results indicate that higher LDH concentrations cause a higher transmittance of the coatings in a broad spectral range. Although the transmittance of the coatings increases, the size of the nanoparticles decreases with the increase in LDH concentration. 
Conclusion
In summary, our approach is based on a layer-by-layer self-assembly method using alternating layers of oppositely charged LDH nanosheets and silica nanoparticles within broadband antireflection coatings. In these optimal systems, transmission levels of 97% were achieved. Moreover, a maximum transmittance of 98% was achieved at a wavelength of 700 nm in the [LDH(0.8 g/L)/ SiO 2 (25 nm)] 6 system. In short, both the proper packing arrangement, which means generating different packing patterns by distribution of dense packing LDH nanosheets and loose stacking silica nanoparticles as alternating layers and the moderately textured surface are beneficial to high-performance broadband antireflection properties by reducing wavelength dependence and enhancing reflectance suppression. The current approach may provide a new route to fabrication of broadband antireflection coatings with the advantages of easy availability of the materials and the simplicity of the method.
